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A B S T R A C T
During the last decades, mid-infrared (3–12 μm) laser sources using crystals with nonlinear optical properties
have attracted a particular attention due to their potential applications in diﬀerent ﬁelds such as optical counter-
measures and remote chemical sensing. As transparency of common oxide crystals is limited to about 4 μm, many
researches have been focused on chalcopyrite compounds because of their wide transparency in the mid-IR range
and their strong nonlinear optical coeﬃcients. There is a need of such crystals able to convert eﬃciently the near
infrared wavelengths from commercially available lasers into wavelengths higher than 5 μm through Optical
Parametric Oscillators (OPO) systems. This paper presents a new compound: ZnGa2Se4 (ZGSe). Measurements
made on dense polycrystals show a high thermal conductivity value in comparison with other selenides
(2.9Wm−1 K−1), a wide transparency from visible to beyond the band III of the mid IR (0.6 μm–17 μm) and a
coeﬃcient of thermal expansion inferior to 10−5 K−1. These results are very encouraging and improvements of
the growth process are now undertaken to obtain single crystals with the required optical quality.
1. Introduction
Single crystals are required in various laser-based optical devices for
a wide range of applications. Applications such as long range remote
chemical sensing and counter-measure (missile jamming) require to
have optical sources emitting through the atmosphere transparency
bands between 3 and 5 μm (band II) and 8–12 μm (band III) [1,2]. One
of the best way to achieve that purpose is the parametric sources based
on a crystal with nonlinear optical properties. Non centrosymmetric
optical crystals with a broad transparency are thus a key technology
[3]. Particularly, crystals able to convert eﬃciently the emission of a
commercial 1.064 μm (Nd3+ based YAG) or 2 μm (Tm3+ based lasers)
laser sources are of great interest in order to develop compact and
tunable high power mid-IR laser sources. However, commercial oxide
crystals compatible with such pumping source, such as Periodically-
Poled LiNbO3 (PPLN) for instance, have a transparency limited to
4–5 μm due to intrinsic multiphonon absorption (oxygen bonding) [3].
Thus, non-oxide materials (sulﬁdes, selenides, phosphides …), have
been studying to go beyond this limit. In particular, HgGa2S4 (HGS),
AgGaS2 (AGS) and ZnGeP2 (ZGP), have been extensively investigated in
the last decades [2,4,5].
Each crystal has its own advantages and drawbacks. AGS [2,4] for
instance has low thermal conductivity and low laser power resistance
values but this is a material of choice for frequency conversion from 3
to 12 μm due to its large transparency range (0.53–12 μm), and its
compatibility with 1 μm pumping, and the good quality of the available
crystals. For high power applications, ZGP is the material of main
choice due to its high thermal conductivity value (18Wm−1 K−1) [6]
and a high laser damage threshold value (1.4 J cm−2, τ=15 ns) [2].
ZGP has been largely studied for counter-measure applications or gas
remote sensing. Its major drawbacks are, on the one hand, its low
transparency below 2 μm which makes it not suitable for 1 μm pumping
and furthermore its capability to be pumped at 2 μm depends strongly
on its optical quality. On the other hand, multiphonon absorption bands
beyond 9 μm limit its use in the band II and the beginning of the band
III. HGS [2,4] is a promising compound for non-linear laser applications
taking into account its wide transparency range (higher value than
ZGP) and its thermal shock resistance (higher value than AGS).
In our laboratories, we have focused our attention on materials for
laser and non-linear applications [5,7–10] for a decade having studied
ZGP [11], AGS [5,11] and AgGaGeS4 [7]. In that context, a new com-
pound has recently caught our attention: ZnGa2Se4 (ZGSe), belonging to
the same family than HgGa2S4 (HGS). Indeed, it seemed to be an in-
teresting candidate because, ﬁrst, its crystal structure belongs to non-
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centrosymmetric space group, therefore it is suitable for nonlinear op-
tical applications. Second, thanks to Se anion (instead of S), it should
present a broader transparency range in the mid IR [12]. Third, Zn light
cations (instead of Hg) would likely increase the thermal conductivity
value [12]. Furthermore, few papers reported the possible potential of
the ZGSe for photovoltaic applications [13,14] but nothing until now
was proposed, to the best of our knowledge, for non-linear optical ap-
plications.
The goal of the present work was to process and characterize ZGSe
in order to conﬁrm or not the potential of this new optical material.
Single crystals can be processed in two steps. The ﬁrst step is a
chemical synthesis to obtain the compounds in the polycrystal form
from pure elements. Due to the high reactivity with oxygen and vola-
tility of the chemical components, the reaction should be performed in
sealed quartz ampoules. However, as selenide and derivatives are vo-
latile components, the pressure increases inside the ampoule during
heating and this can lead to sealed ampoule explosion. Thus, a two-zone
furnace method is required [5,15]. The second step, not presented here,
should allow to obtain single crystals from the previously synthesized
polycrystals. This step is still in progress using the Bridgman-Stock-
barger growth method.
In this paper, one report the chemical processing and character-
ization of ZGSe compound: optical transmission, thermal expansion and
thermal conductivity.
2. Experimental
Samples were synthesized from pure elements (5 N purity Zn, Se and
Ga) which were put into a silica cylindrical reactor, hermetically sealed
under vacuum (10−4 mbar). Then, that reactor was put into a double
zone furnace [5,15], which allows the control over the pressure inside
the reactor, caused mainly by Se vapors, and prevents its explosion.
Synthesis began with an increase of the temperature up to 1150 °C at a
rate of 0.5 °C.min−1. After soaking 24 h at this temperature, the reactor
was slowly cooled down to 800 °C at 0.2 °C.min−1, and then cooled
down to room temperature at 5 °C.min−1. Samples obtained by this
method were polycrystals. X-ray diﬀraction (XRD) performed with a
PANalytic X'Pert PRO diﬀractometer on grinded materials identify the
diﬀerent phases inside the samples. Optical transmission measurements
were carried out on polished 1–2mm thick polycrystal samples with a
Varian Agilent Cary 6000i from visible up to 1.8 μm; and a FTIR Nicolet
5700 from 1.5 to 20 μm. Thermal conductivity was determined by the
Modiﬁed Transient Plane Source (MTPS) on polished 6mm thick slices
using C-Therm TCI TH130041 apparatus [16]. The device can measure
thermal conductivity values ranging between 0.1 and 120Wm−1 K−1
on dense or porous materials with an accuracy of 5%. A Setaram Setsys
Evolution was used to measure the average thermal expansion (CTE)
coeﬃcient of a 2mm thick sample. Tests were performed under argon
atmosphere to prevent sample oxidation. CTE was calculated with re-
spect to equation (1), where T is the sample temperature; l is the sample
length at T.
=
∂
∂
α
l
l
T
1
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3. Results and discussion
3.1. Phase diagram and incongruent ZnGa2Se4 material
The pseudo-binary phase diagram Ga2Se3-ZnSe was proposed by
Olekseyuk et al. in Ref. [17]. The part of interest is adapted and re-
ported in Fig. 1. In this diagram, ZGSe corresponds to a mixture of
50mol% of ZnSe and 50mol% of Ga2Se3, with a peritectic behavior.
Then this compound presents non-congruent melting.
From the phase diagram, a melt starting with a composition close to
ZGSe (50mol% Ga2Se3), slowly cooled down, crystallized at ﬁrst into
the ZnSe type phase, at about 1438 K, until reaching α point as shown in
Fig. 1 (1405 K, 67 %mol Ga2Se3) following the liquidus curve. From
that point to β point at the temperature of 1358 K, ZGSe crystallizes
(81mol% Ga2Se3). Then, Ga2Se3 type phase crystallized. Consequently,
starting with a stoichiometric ZGSe composition, the obtained ingot is
triphasic as clearly observed in Fig. 2 presenting these three distinct
parts.
3.2. X-rays diﬀraction and structural analysis
The determination of the composition of the diﬀerent parts of the
ingot was performed by XRD. While parts I and III of the sample, as
presented in Fig. 2, are not single phase, analysis performed on Part II
(cf. Fig. 3) clearly indicates from XRD pure ZGSe composition. There-
fore, this part was used to characterize the ZGSe thermomechanical
properties of the material. The photography of the pure and dense
polycrystal sample of ZGSe is reported Fig. 4.
It was important to investigate in details the composition of parts I
and III to better understand the compound thermal behavior. XRD
analysis performed on Part I (Fig. 5) shows a main composition of ZGSe
with traces of ZnSe. ZnSe was indeed expected from the phase diagram
as this compound was the ﬁrst to crystallize from a melt composition of
50mol% of Ga2Se3. Part III is also in good agreement with the expected
behavior described in the phase diagram: the compound is mainly
composed of Ga2Se3 and GaSe as seen Fig. 6 on the X-ray diﬀraction
data.
Fig. 1. Part of interest on the ZnSe/Ga2Se3 phase diagram adapted from Ref.
[17].
Fig. 2. Photography of a sample processed from a mixture 50mol% of ZnSe and
50mol% of Ga2Se3.
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3.3. Optical characterization
Firstly, transparency is one of the main characteristics that should
be analyzed to estimate the potential of ZGSe. However, the only results
presented in the literature covered the visible range [13,14,18]. In the
present work, we have determined the optical features of the material
toward the infrared range with measurements ranging from 0.5 to
20 μm.
In Fig. 7, the transmission spectrum shows that ZGSe is partially
transparent from 0.55 μm to 17 μm. The sharp variation close to
0.55 μm, better observed in Fig. 7-B, corresponds to its electronic
bandgap, which is very close to the value reported by other authors
(0.51 μm; 2.41 eV [13]). The strong decrease in the absorption observed
in the shorter wavelengths range (between 0.6 and 12 μm) is related to
strong scattering eﬀects due to the polycrystalline nature of the sample.
In that spectral range, the transmission is expected to be good for high
optical quality single crystal. In the longer wavelengths range, beyond
17 μm, multiphonon absorptions aﬀect the transmission.
Then, these results indicate that ZGSe has a good potential in term
of potential transparency which should cover whole mid IR bands II and
III. Of course this should be conﬁrmed on single crystals.
Fig. 3. X-rays pattern of part II of the ingot: exclusive presence of ZGSe (ICDD record 04-006-9425.
Fig. 4. Photography of pure ZGSe extracted from the ingot shown in Fig. 2.
Fig. 5. XRD pattern of part I of the ingot: trace of ZnSe (ICDD record 01-081-8293) with ZGSe (ICDD record 04-006-9425).
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3.4. Thermomechanical properties
Firstly, the coeﬃcient of thermal expansion (CTE) is measured. As
the sample is polycrystalline, anisotropy was not taken into account and
only the average CTE is determined. Smoothed measurements are re-
ported in Fig. 8 for temperature ranging from 20 °C to 800 °C. A trend
line could be obtained through equation (2):
α(°C−1)= 7.0×10−9 T(°C) + 8.1 × 10−6 (2)
Thus, the mean CTE value at 20 °C is 8.2× 10−6 °C−1. This value is
smaller than the CTE of most of the other crystals used in mid IR OPO
systems (cf. Table 1). Unfortunately, at this step we do not have any
information about data dispersion between values along the diﬀerent
crystallographic axis.
Secondly, the thermal conductivity value was measured on the ZGSe
polycrystals. This is an important parameter in order to estimate the
crystal's potential in term of thermal shock resistance. Indeed, high
power laser pump used in the optical device usually heats locally the
Fig. 6. XRD pattern of part III of the ingot: presence of Ga2Se3 (ICDD record 00-005-0724) and GaSe (ICDD record 00-037-093).
Fig. 7. (A) Optical transmission of a 1.2 mm thick ZGSe; (B) optical losses of the same sample.
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crystal because of residual absorption losses. A high thermal con-
ductivity value allows the crystal to dissipate the local heating, to
prevent damage to the crystal and to limit optical distortions. For ZGSe,
no value has ever been reported in the literature to the best of our
knowledge. The value of the average thermal conductivity measured in
this work is 2.9Wm−1 K−1 at room temperature on the polycrystals. It
is known that, in general, selenides have smaller thermal conductivity
values than sulﬁdes or phosphides [4,12]. However, ZGSe has a quite
high thermal conductivity value, equal or even higher than most of the
sulﬁdes and other selenides as seen Table 1. Considering the non-linear
optical materials that can give access to spectral range above 10 μm,
only LiInSe2 [2,4,19] presents much better thermal conductivity. But in
contrary to ZGSe material, LiInSe2 has a narrower optical transparency,
limited above 9 μm to be null beyond 13 μm, preventing its use in the
infrared band III. Moreover, one can further notice that LiInSe2 is also
very diﬃcult to grow [20].
The thermal conductivity and the CTE parameters can be ﬁnally
combined together to calculate the so-called Thermal Shock Resistance
(TSR) parameter. In single crystals, this TSR can be simpliﬁed as the
ratio of the thermal conductivity over the CTE [21,22]. TSR represents
the crystal capability to resist against stress caused by thermal gradient.
One can observed in Table 1 that the ZGSe compound has a quite
high TSR value of 0.28MWm−1. However, the value of the thermal
conductivity of ZGSe was measured on polycrystals so, in single crystal,
it is expected to be higher. Considering selenides with a large range of
wavelength transparency, only LiInSe2 (LISe) has a higher TSR value:
0.54MWm−1 (on single crystal). However, as already mentioned, LISe
unlike ZGSe is not transparent in the whole mid IR band. Therefore,
ZGSe seems to be the best selenide, transparent in the whole mid IR
band III, in terms of thermal conductivity and thermal shock resistance.
4. Conclusions
Despite of the non-congruent character of the ZnGa2Se4 peritectic
phase and the high vapor pressure related to the selenium, we were able
to synthesize pure ZnGa2Se4 phase using a double-zone furnace. We
succeeded to obtain good phase separation inside the ingots as expected
considering the phase diagram. ZGSe samples were extracted and
characterized. This ZGSe polycrystal transmission covers well the wide
spectral range between 0.55 μm and 17 μm, even if this wide spectral
range will have to be further conﬁrmed on single crystals. It should
allow the crystal to be used on the whole IR bands I, II and III of the
atmosphere. Then, average CTE value of 8.2× 10−6 K−1 at room
temperature and thermal conductivity value of 2.9Wm−1 K−1 were
experimentally determined. These two last parameters can be combined
to estimate the thermal shock resistance (TSR) parameter. With a TSR
parameter of 0.28MWm−1, ZGSe crystal has one of the best value re-
ported for selenides. Only lithium based compounds as LiInSe2 have a
better TSR value but these compounds are not transparent in the whole
band III. ZGSe clearly seems to be one of the best compounds in term of
spectral transparency and for its thermomechanical properties.
However at this step, one must further notice that those characteriza-
tions were carried out on polycrystals. This means that the transpar-
ency, thermal conductivity and thermal shock resistance measured on
single crystal should be even better. ZGSe single crystal processing is in
progress in our laboratories. When obtained, other important properties
such as refractive index dispersion, phase matching curves, nonlinear
coeﬃcients will have to be determined in order to conﬁrm these out-
standing properties.
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